We evaluate the feasibility of nanosecond-pulsed and femtosecond-pulsed lasers for otologic surgery. The outcome parameters are cutting precision ͑in micrometers͒, ablation rate ͑in micrometers per second͒, scanning speed ͑in millimeters per second͒, and morphological effects on human middle ear ossicles. We examine single-spot ablations by a nanosecond-pulsed, frequency-tripled Nd:YAG laser ͑355 nm, beam diameter 10m, pulse rate 2 kHz, power 250 mW͒ on isolated human mallei. A similar system ͑355 nm, beam diameter 20m, pulse rate 10 kHz, power 160-1500 mW͒ and a femtosecond-pulsed CrLi: SAF-Laser ͑850 nm, pulse duration 100 fs, pulse energy 40 J, beam diameter 36 m, pulse rate 1 kHz͒ are coupled to a scanner to perform bone surface ablation over a defined area. In our setups 1 and 2, marginal carbonization is visible in all single-spot ablations of 1-s exposures and longer: With an exposure time of 0.5 s, precise cutting margins without carbonization are observed. Cooling with saline solution result is in no carbonization at 1500 mW and a scan speed of 500 mm/ s. Our third setup shows no carbonization but greater cutting precision, although the ablation volume is lower. Nanosecondand femtosecond-pulsed laser systems bear the potential to increase cutting precision in otologic surgery. © 2006 Society of Photo-Optical Instrumentation Engineers.
Introduction
Microscopic surgery of middle ear structures requires minimal trauma to the tissue involved to preserve hearing and to avoid damage to the vestibular organ and the facial nerve. In otosclerosis, a condition in which the annular ligament suspending the stapes footplate in the oval niche is fixed, stapedotomy is performed to replace the stapes with a prosthesis joined to the incus, while the distal end is coupled to the inner ear by fenestrating the stapes footplate. This requires precise perforation of the stapes footplate, which is best accomplished by a no-touch technique. Thus, lasers have been introduced to stapes surgery at an early stage. First experimental results with an Nd:YAG laser were published in 1967 by Sataloff. 1 The first clinical use of an Argon laser for stapedotomy was published by Palva 2 and by Perkins. 3 Since then, various lasers, such as the Argon, 4-7 the CO 2 ͑Refs. 7-12͒, the KTP ͑Refs. 7 and 13-18͒, and the Erbium:YAG ͑Refs. 19 and 23͒ have been used in in vitro and in vivo settings, while the Er:YSGG ͑Refs. 24 and 25͒, Holmium:YAG ͑Refs. 24 and 26͒, the Xe: Cl ͑excimer͒ ͑Ref. 24͒, and the diode laser 27 have been evaluated in vitro only. The variety of laser systems in use reflects the fact that many of the present systems are suitable but none possesses ideal properties for middle ear applications. In particular, the fact that laser energy in the visible light range, as emitted by the Argon ͑518 nm͒ and KTP ͑532 nm͒, is absorbed only very little by clear fluid has raised concerns on heating of inner ear structures, such as the perilymph, 12, 18, 28 the facial nerve, or unwanted irradiation of the saccular macula, a part of the vestibular organ that is situated in direct line about 1.7 to 2.1 mm behind the stapes footplate. 29 On the other hand, as CO 2 laser energy is readily absorbed by fluids, the amount of temperature rise of the perilymph itself and its impact on inner ear function has been subject to further investigations. 16, 28, 30 While CO 2 lasers operated in cw mode were shown to perform stapedotomy procedures safely, there has been an issue with CO 2 lasers operating in the so-called superpulse mode, as this entails pressure transients that are potentially harmful to the sensory compound action potential of the outer and inner hair cells. [30] [31] [32] Photoablative systems such as the Er:YAG laser cause little thermal effects and are able to ablate bone in a precise and bloodless manner, but create pressure transients which could result in acoustic trauma. 19, 20, 31 However, even with a great number of pitfalls, laser surgery of the stapes footplate has been proven to be beneficial in terms of hearing outcome compared to mechanical drilling 11, 32 in primary surgery and even more in revision surgery, as the diseased ear is even more vulnerable to mechanical stress induced by conventional surgery. 17, 33 In some cases, revision surgery has been made possible only with a laser that otherwise would have been contraindicated. 17 As the dilemma between thermal load and mechanical stress remains unsolved, the safety of laser surgery for the middle ear has been accomplished by ͑1͒ meticulous choice of laser parameters, 32, 34 ͑2͒ surgical techniques which aim to spare structures at risk ͑e.g., avoiding irradiation of the open vestibule, 18, 34 and ͑3͒ development of purposebuilt instruments that help surgeons to handle the laser beam more precisely 5, 32, 35, 36 ͑Endo-Otoprobe TM , scanning devices, etc.͒.
Thus, the quality of laser surgery in terms of precision and limitation of possible side effects is largely dependent on the surgeon's skills, as the dilemma between unwanted thermal effects and pressure transients in laser surgery for the ear remains unsolved. Pulsed laser systems working within the nanosecond to femtosecond range seem to show a way out of this dilemma, as they provide pulses that do not induce highpressure transients in the perilymphatic fluid and that cause little thermal effects. [37] [38] [39] This is a major advantage over earlier, e.g., CO 2 pulsed laser systems, whose so-called "ultrapulse" mode ͑Refs. 30-32͒ is entirely different from the ultrashort pulsed systems that are now available. Since the required energy for ablation or photodisruption decreases with pulse length, 40, 41 side effects such as excess heating of surrounding tissue and disruption by pressure waves can be reduced markedly. The ultrashort pulses emitted by femtosecond lasers result in multiphoton absorption, which creates a plasma field around the target site whose free electrons absorb most of the laser energy. As linear energy absorption by the target tissue itself plays only a minor role, the ablation process depends only weakly on tissue characteristics. Earlier studies performed by Neev et al. on human nail tissue 37 demonstrated a better cutting precision of a Ti:sapphire system compared to Er:YAG, Ho:YSGG, and Xe:CL ͑excimer͒ lasers, though ablation rates were inferior. Armstrong et al. 38 were the first to use a Ti:sapphire system for ablation of ossicular tissue in human cadaveric bone and obtained an ablation rate of 1.26 m / pulse at a repetition rate of 10 Hz. Schwab et al. 39 reported an ablation rate of their Ti:sapphire laser system in relation to varying pulse energy values with a minimal ablation of 20 nm at 22 J. Increased precision is beneficial in stapes surgery, as an exact fit of the prosthesis to the perforation helps to avoid leakage of perilymph from the inner ear. Furthermore, with precise bone ablation it is possible to create microstructures in the ossicular chain, which can accommodate bioactive nanolayers, e.g., for the modulation of cell growth around the prosthesis.
We examined the feasibility of a frequency-tripled Nd:YAG laser system at 355 nm working with nanosecond pulses and compared it to an equally experimental setup of a CrLiSAF laser emitting femtosecond pulses at 850 nm. As a reference, a conventional microscope-coupled single-pulsed Er:YAG laser emitting at 2940 nm was used.
The first hypothesis for our considerations is that the optical complexity-and therefore the manufacturing effort-of frequency-tripled Nd:YAG lasers is low compared to ultrafast or femtosecond lasers and a 20-m resolution can be achieved with relatively simple transmissive optical elements, which, if compared to more complex femtosecond setups, makes such systems attractive for cost-effective microscopelaser units in middle ear microsurgery. The second hypothesis is that both the nanosecond-pulsed, frequency-tripled Nd:YAG laser, and the femtosecond-pulsed CrLiSAF laser, both in conjunction with a scanning system, provide a better ablative precision at little thermal stress and a lower risk of acoustic trauma compared to a manually steered Er:YAG laser system.
Material and Methods
We harvested two human mallei, three inci, and one stapes from two postmortem individuals via an intraauricular approach, exposing the middle ear ossicles while leaving the tympanic membrane intact. In both cases, no sign of chronic inflammation or malformation was found. These ossicles were immersed in 3.5% formaldehyde solution for storage.
Principal outcome parameters for each experiment were cutting precision ͑in micrometers͒, ablation rate ͑in micrometers per second͒, scanning speed ͑in millimeters per second͒, and morphological effects on the human ossicular chain. For qualitative evaluation concerning carbonization and denaturation of adjacent bone, light microscopic photographs were taken. The light microscopic focus was used to measure ablation depth in the scanning experiments with an error of ±2 m, while the focusing error was approximately ±5 m.
In addition, quantitative assessment of carbonization margins in a series of singular pulses as well as in all scanning experiments was performed via environmental scanning electron microscopy ͑ESEM͒ in gaseous secondary electron emission ͑GSE͒ mode ͑model XL 30 ESEM FEG, FEI/Philips, Eindhoven, Netherlands͒. The first laser system consisted of a nanosecond-pulsed, frequency-tripled Nd:YAG laser operating at a 355-nm wavelength ͑Lambda Physik "Starline," Göttingen, Germany͒, with a pulse duration of 10 ns full width half maximum ͑FWHM͒, a pulse repetition rate of 2 kHz, and pulse energy of 0.125 mJ, resulting in an output power of 250 mW. The beam was focused by a fixed beam-steering system and a microscope objective to a spot of approximately 10 m diameter. Hence the peak fluence in the center of the spot approached 320 J / cm 2 . An x-y translation stage was used to move the mallei into an appropriate position. In a first experiment, ablation characteristics of the bony malleus surface in single spots were examined. In the following, this setup is referred to as "THG-1."
In the second experiment, a frequency-tripled Nd:YAG laser with slightly longer pulse duration of 40 ns FWHM was used ͑model 210S-355-5000, ILX Lightwave, Bozeman, Montana, USA͒ and the laser was coupled to a scanner, irradiating four malleus areas of 1 ϫ 1 mm 2 in meandering courses with a repetition rate of 10 kHz ͑Fig. 1͒. Each site was treated by 28 subsequent courses covering the whole area. The beam diameter in each case was 20 m. This setup will be referred to as THG-2. The parameters for the different scans are listed in Table 1 .
Both lasers emit in transverse electromagnetic mode ͑TEM 00 ͒͑M 2 Ͻ 1.2͒ with Gaussian intensity distribution and, for convenience, the peak fluence in the center of the spot is taken as a characteristic.
For the third experiment, we chose human inci whose structure is comparable to those of the mallei used in experiment THG-1 and THG-2. In this case, a femtosecond-pulsed laser system, consisting of a CrLiSAF oscillator and a Colquerite amplifier, emitting at = 850 nm with a bandwidth of 26 nm FWHM was used. The laser spot was focused to a beam diameter of 36 m. Pulse duration was 100 fs at a repetition rate of 1 kHz and pulse energy of 40 J. In that case, the femtosecond-pulsed laser was coupled into a microscope equipped with a motorized stage, which was programmed to irradiate the bony incus surface along the same course as in THG-2 ͑Fig. 1͒. The inci were referred to as "fs 2" and "fs 4." Both were exposed to scanning courses with a beam velocity of 2 mm/s in parallel tracks with a mean distance of 10 m for a 0.4-ϫ 0.4-mm 2 surface, which resulted in an ablation depth of approximately 40 m and a scanning time of 40 s/course. The first incus, referred to as fs 2 was exposed to one and three courses respectively, while 10 courses were applied to the incus labeled fs 4.
As a reference, a human stapes was exposed to single pulses of a conventional Er:YAG laser, which was coupled to an operating microscope ͑Zeiss Opmi ORL E, Zeiss Company, Oberkochen, Germany͒. The Er:YAG laser operates at a wavelength of = 2940 nm with a beam diameter of 380 m at a fixed microscope focus of 300 mm, while the pulse du-ration varies between 50 and 500 s, depending on the pulse energy. Exposures were performed as follows: 1 pulse at 10 mJ, 1 pulse at 25 mJ, and a series of 49 singular pulses of 15 mJ each with a total energy of 735 mJ to obtain a perforation of 400 m in diameter, which would be required to insert the stapes prosthesis.
Results
First, setup and parameter settings THG-1 were used to study the effect of single-spot irradiation when various exposure times were applied to the long malleus process ͑Fig. 2͒. With a constant beam diameter of 10 m, we could observe zones of carbonization, whose width increased with the total exposure time. As there was no coolant applied during these experiments, the findings suggest that excessive heating results in thermal damage, depending on the total energy applied. Prolonging exposure time from 1 to 10 s, the overall crater diameter increased from about 30 to 60 m, which is considerably wider than the original beam diameter of 10 m. The carbonization margin increased from less than 10 m width in the 1-s exposure to about 30 m in the 10-s exposure. In the 10-s exposure, the full thickness of the malleus process ͑900 m͒ was penetrated. When an exposure time of 0.5 s was chosen ͑Fig. 3͒, the ablation diameter was reduced to With these parameters, a margin of superficial debris with a width of 10 m or less was observed. Between adjoining ablation margins, fibrous structures on the surface appeared morphologically intact. Larger areas of approximately 1-ϫ 1-mm 2 size were treated by performing scanning experiments according to setup THG-2. Here, we could observe a debris zone of less than 100 m width ͑Fig. 4͒ adjacent to the ablation crater.
Otherwise, scanning electron microscopy revealed no sign of further protein or bone denaturation beyond the debris margin. The crater margins showed a consistent width over all ablated tissue layers. Furthermore, there was mild carbonization at the bottom of the ablated region. Another scan, which was performed at 20% of the power and energy rating of the first, showed no carbonization or collagen denaturation on the bony surface at all, while ablation margins were equally sharpedged. However, ablation depth was limited while the crater bottom was irregularly shaped. No cooling was used in both experiments.
In contrast, scanning experiment no. 4 was performed under superficial application of 0.9% saline solution ͑Fig. 5͒. A drop of saline solution had been applied to the bone and after diffuse moistening of the surface the scanning started. Al-though power rating was twice as high as in scan no. 1, there was no sign of thermal damage, only a 50-m margin of fibrous tissue layer detached form the malleus process. The ablation depth extended to 900 m, which eventually resulted in a full thickness cut through the malleus process. The cutting margin revealed intact Haversian canals with no further signs of bone damage.
With the femtosecond-pulsed CrLiSAF Laser scans, a singular scan with an ablation depth of 40 m ͑Fig. 6, right͒ did not produce any visible debris. In contrast to the low-powered scan no. 2 performed with the frequency-tripled Nd:YAG laser, the base of the ablated area showed a more regular shape. This was also the case with three consecutive scans ͑Fig. 6, left͒, while the ablation margins showed some conical shape. However, next to the margins there was a debris zone with a maximum width of 80 m. In the series of 10 consecutive scans performed with fs-4 ͑Fig. 7͒, this debris also had a maximum width of 80 m, suggesting that it consists of layers of loose material following photoablation rather than a coagulation zone which would be expected to have an increasing width with longer exposure. Cooling was not performed during any of the femtosecond scans. As expected with the oligothermic ablation properties of the Er:YAG laser, ESEM revealed no visible coagulation in the reference experiment concerning the stapes footplate, while a coagulation zone of very few micrometers cannot be avoided even under optimum ablation conditions. However, given the relatively large beam diameter of 350 m, ablation took place in shallow excavations of bony material, as seen with the singular pulses of 10 and 25 mJ ͑Fig. 8͒. Although saline solution was applied to the stapes footplate at the beginning of the perforation in ablation no. 3, the ablation margins were considerably larger than the actual perforation, which is partially due to the manual steering by means of the micromanipulator, but is also due to a dehydration of the tissue during the laser ablation process, which in turn resulted in a reduced ablation efficiency.
Discussion
Regarding the morphological findings in these series, it must be taken into account that all ossicles were immersed in 3.5% formaldehyde solution, which results in some alteration in the fibrous tissue layers. As the material had to be stored before setting up the laser experiments, preference was given to fixed material rather than native ossicles. The data suggest that nanosecond-pulsed tissue ablation at a wavelength of 355 nm does result in mild molecular interaction in terms of protein denaturation or photocoagulation. However, this effect is strongly dependent on the exposure time and relatively minor compared to ablation depth in a single spot which exceeds at least 900 m in a 10-s exposure. A marginal carbonization zone of 30 m width seems tolerable for microsurgical applications. Coagulation can be further reduced with superficial cooling. In the femtosecond-pulsed laser experiments performed by Armstrong et al. 38 pulses of less than 10 ps generated photoablation without linear absorption by the target tissue, which is largely due to the shorter exposure time and the characteristics of multiphoton absorption. With respect to ablation speed, Armstrong et al. used a comparatively low pulse rate of 10 Hz. If the pulse rate were raised to 1 kHz, an ablation volume per second of 1.6 mm 3 /s can be obtained. In our experiment we used a pulse repetition rate of 1 kHz while the beam diameter was 36 m resulting in an ablation volume of 0.16 mm 3 /s. Although the ablated volume was much smaller, the scanner beam course was not adapted to the specific ablation process and must be optimized further. The findings of the femtosecond ablation series in our study suggest that there is a debris zone, which is most likely due to deposition of bony material following photoablation ͑Table 2͒. However, the coagulation effects in our nanosecond-pulsed experiments are less than those observed in cw laser systems that emit in the visible light range, i.e., the KTP at 532 nm and the Argon at 488 nm or 514 nm ͑Refs. 4, 5, 7, 8, and 13-18͒. Although pressure transients have not been measured as part of this study, the short duration and low energy of pulses could contribute to avoid acoustic trauma to the outer and inner hair cells. Pfander 42 reported that the likelihood of acoustic trauma is not only dependent on the magnitude of mechanical impact as expressed in decibels, but also on its duration. The absolute limit of tolerable sound pressure level, irrespective of its duration, is estimated at 160 dB͑A͒. As Pratisto et al. 19 pointed out, Erbium:YAG lasers create pulses in the 200-s range, with superposed peaks of 2-s duration. Although his group as well as Lippert et al. 21 could not demonstrate any detrimental effect on hearing in their experimental and clinical setting, Häusler et al. 20 warned that a temporary hearing threshold shift of 10 and 33 dB on average did occur 2 h postoperatively in patients who had undergone Erbium:YAG laser stapedotomy. Häusler concluded that single pulses of 20 to 40 mJ, corresponding to fluences of 14 to 28 J/cm 2 could lead to a temporary threshold shift ͑TTS͒ of hearing level and recommended to keep fluences in the range of 10 to 17 J/cm 2 . Later studies performed by Keck et al., 22, 23 which followed these recommendations, did not observe any persistent postoperative sensorineural hearing loss.
Superficial cooling has been recognized as relevant for the ablation process, especially in exposure times longer than 0.5 s, and if applied, denaturation of adjacent structure is reduced to 30 m or less. Although fluences in our study were set in the range between 10 and 320 J / cm 2 , the laser beam diameter and therefore the exposed areas are very small, thus, decreasing the pressure impact on the inner ear as a whole. In addition, the beam diameter of 10 to 20 m enhances spatial precision, so that the use of a scanning system is favorable, especially in contrast to ablation with commercially available Er:YAG laser systems for ear surgery, which produce a beam diameter that comes close to the required size of the perforation. Scanners for otologic laser procedures are already commercially available, and with greater precision for the drilling procedure, create a better fit of the stapes prosthesis in the stapes footplate and thus reduce the risk of postoperative perilymph leakage from the inner ear. As in our series, scan velocities of 200 to 500 mm/ s resulted in superficial to full thickness ablation of the malleus process ͑about 900 m͒ within 20 and 8 s, respectively, the total operation time at the open inner ear is much less than with manual appli- Table 2 Comparison of laser parameters and results between Armstrong et al. 38 Schwab et al. 39 our study.
Authors
Year Laser System
Laser System Parameters Ablation Characteristics
Armstrong et al. 38 2002 cation of single pulses in one circle ͑the so-called "rosette" technique͒.
Finally, frequency-tripled Nd:YAG lasers are less complex than ultrafast oscillator-amplifier lasers, easier to build, and require less complicated optical devices to shape laser pulses while preserving the pulse duration characteristics. The currently used laboratory models have a power capability of 10 times the required power and the footprint of the laser head is between 4 ϫ 12ϫ 12 and 4 ϫ 5 ϫ 33 in. When downsizing to the required power level and with further miniaturization, an affordable and rugged operating theater laser unit can be built.
